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Available online 15 March 2016Paleoclimatic regimes over Saharan Africa alternated between dry and wet periods throughout the Pleistocene
Epoch, and it is during the wet periods that the Saharan fossil aquifers were recharged. We investigated the
role of groundwater-related processes in shaping the Saharan landforms (e.g., theater-headed valleys [THV]; de-
pressions, escarpments, playas, and tufa deposits) over areas occupied by the largest of these aquifer systems, the
Nubian Sandstone Aquifer System (NSAS; area: 2.6 million km2) in Egypt, Libya, Sudan, and Chad. We reviewed
the suggested hypotheses for the origin of these landforms in the Sahara and in similar settings elsewhere and
present evidence (remote sensing-based landscape analysis, geostatistical and geospatial analyses, hydrological,
lithological, isotopic and ﬁeld) in support of the following: in Pleistocene wet periods groundwater under high
hydrostatic pressures accessed deep-seated structures, discharged at the free faces, THV developed, scarps
retreated, ﬂuvial (inwet periods) and aeolian processes (in dry periods) togetherwith seepageweathering erod-
ed and transported loose debris, and depressions were formed. Evidence includes: (1) extensive distribution of
THV (stubby-looking geometry, theater-like heads, U-shaped proﬁles, ﬂat ﬂoors, and structurally controlled pat-
terns) indicative of sapping processes were mapped (using a GIS-based logistic regression model) along faulted
scarps extending for over 1450 km in the NSAS; (2) widespread distribution of tufa deposits plastered on scarp
faces of the natural depressions within the NSAS with isotopic compositions consistent with deposition from
NSAS fossil groundwater (δ18O:−12.8 to−8.0‰); (3) absence of well-developed drainage systems over the
Libyan Plateau; (4) onset of endorheic streams from the identiﬁed THV along the NSAS escarpments (within
the Qattara, Kharga, Farafra, and Dakhla depressions) and at the boundary between massive limestone forma-
tions (e.g., Gara, Kurkur, and Marmarica) and underlying erodible shale and argillaceous sandstone formations
(e.g., Dakhla andMoghra) consistentwith a groundwaterdischargeorigin for the endorheic streams; (5) reported
carbonate-rich playa deposits within scarp-foot depressions at the terminations of the endorheic streams;
(6) artesian upward leakage of depleted NSAS groundwater (δD:−81 to−72‰; and δ18O:−12.8 to−8.0‰)
into shallower Oligocene, Miocene, and Pliocene aquifers (δD: −0.7 to 7.2‰; δ18O: −1.13 to 1.20‰) as
evidenced by the mixed isotopic composition (δD range:−62.6 to−2.6‰; δ18O range:−7.0 to−1.09‰) of
groundwater. Understanding the role of groundwater processes in landscape evolution over areas occupied by
the NSAS has implications for understanding the development of landscape in Saharan Africa, Arabian Sahara,
similar settings worldwide, and the evolution of the Martian landscape.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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The SaharanDesert is the largest hyper-arid area (9,400,000 km2) on
Earth, receiving b5 mm of average annual precipitation (New et al.,
2000). It extends from the Atlantic Ocean in the west to the Red Sea
Hills in the east, and from the Mediterranean Sea in the north to the
Sahel zone in the south. Previous studies on the distribution and origin
of fossil groundwater, ﬂuvial landforms, and paleo-channel river sys-
tems, wind regimes, and deposits (e.g., tufa, playas, and cave ﬁllings) in-
dicate that paleoclimatic regimes of the North African Sahara alternated
between dry and wet periods throughout the past several million years
(Szabo et al., 1995; Smith et al., 2004a, 2004b; Sultan et al., 2007;
Abouelmagd et al., 2012). During the wet periods the aquifers in
North Africa were recharged during interglacial periods through the in-
tensiﬁcation of the paleo-monsoons (Yan and Petit-Maire, 1994) or in
glacial periods by intensiﬁed paleo-westerlies (Sultan et al., 1997;
Sturchio et al., 2004; Abouelmagd et al., 2012); during these periods a
considerable rise of the paleo-piezometric surfaces was reported
(Caussé et al., 1989; Pachur and Hoelzmann, 2000). The largest of
these aquifer systems is the Nubian Sandstone Aquifer System (NSAS;
area: 2.6 × 106 km2) in Egypt, Libya, Sudan, and Chad. The NSAS oc-
cupies around 20% of the Sahara (Fig. 1). There are other large fossil
aquifers such as the North Western Sahara Aquifer System (NWSAS;
area: 1.2 million km2) in Algeria, Tunisia, and Libya, and smaller fossil
aquifers (b900 × 103 km2) including the Iullemeden Aquifer, theWest-
ern Sahara Aquifer, and the Taoudeni Aquifer (IGRAC, 2012; Fig. 1).
Similar fossil aquifers (e.g., the Upper Mega Aquifer) were reported
from the neighboring deserts in Arabia.
Areas occupied by the NSAS are dominated by extensive outcrops of
ﬂat-topped carbonate plateaus, hereafter referred to as the Libyan
Plateau, and natural depressions (Kharga, Dakhla, Farafra, Bahariya,
and Qattara depressions; Fig. 1) that cover large areas and are bound
by escarpments. Deep canyons, hereafter referred to as theater-
headed valleys (THV), are incised in these escarpments and playas
and tufa deposits are found proximal to these escarpments. The origin
of these escarpments, natural depressions, THV, tufa and playa deposits
and the role of groundwater as a denudational process in shaping the
landscape has not been fully investigated. In thismanuscript, we review
and further investigate the proposed models for the origin of de-
pressions and THV and provide additional evidences in support of
a major role for groundwater processes in the development of
THV, depressions, escarpments, and groundwater-related deposits
(e.g., tufa and playas).Proposed origins for the natural depressions and bounding escarp-
ments include wind deﬂation, ﬂuvial systems and stream erosion, tec-
tonic deformation, and salt weathering. The presence of cliffs in the
upwind side of the Qattara, Siwa, Farafra and Dakhla depressions, the
gentle slopes in the downwind side (Aref et al., 2002) and the abun-
dance of dune ﬁelds along thewind trajectory downwind of the depres-
sions supports the wind deﬂation hypothesis (Ball, 1927; Squyres and
Bradley, 1964). However, wind deﬂation alone cannot breach the lime-
stone cap rocks, a condition that is required to expose the underlying
clastic strata to erosion and deﬂation by aeolian processes (Albritton
et al., 1990). Fluvial systems and stream erosion models (McCauley
et al., 1982; Said, 1983; Albritton et al., 1990) provide adequate solu-
tions for the removal of the limestone cap rock by integrated surﬁcial
erosion, karstic and mass wasting processes, yet the absence of notable
exorheic streams (Kröpelin, 1993) that drain toward depressions sheds
doubt on the validity of this model. A tectonic origin for the Dakhla and
Kharga oases is supported by the thin sedimentary cover (~120 m) and
the structural expression of the basement uplifts in these areas (Said,
1979; Gindy et al., 1991), but is less relevant for the depressions within
the northern Libyan Plateau, an area that is identiﬁed as being a stable
shelf since the Early Miocene (Albritton et al., 1990; Abdeldayem,
1996). Erosion by salt weathering coupled with wind and stream activ-
ity (Aref et al., 2002) is supported by the extensive distribution of salt
weathering-related features in Eastern Sahara (Goudie, 2013), but the
model cannot account for the presence of deep canyons within the
escarpments and for the associated mass wasting.
The role of groundwater as a denudation process that locally shaped
the landscape of the Sahara was suggested by Maxwell (1982); he
stated that the deep erosional canyons incised into theGilf Kebir Plateau
was accomplished by cliff sapping and spring discharge, but the
mechanism of erosion remained ambiguous until the groundwater
sapping processes were proposed and modeled by Luo et al.
(1997). Speciﬁcally, they modeled groundwater discharge along
deep-seated faults bounding the escarpments of the Kharga depres-
sion in the Western Desert of Egypt, mass transport by discharged
water, escarpment retreat, and development of THV along the com-
promised escarpments.
The term “groundwater sapping” refers to the undermining, col-
lapse, and retreat of valley head and side walls by the weakening or re-
moval of the basal support as a result of weathering and erosion
processes associated with the groundwater outﬂow along the seepage
plane (Dunne, 1980; Laity and Malin, 1985; Irwin et al., 2014). Stream
networks associated with groundwater sapping processes differ from
Fig. 1. Location map. (A) Hillshade map for the study area in the Western Desert of Egypt and northern Sudan showing the distribution of depressions and sample locations for O and H
isotopic analyses (yellow circles). Open red boxes outline areas covered by Figs. 6A, B, 7, 8A, B, C, D, 9A, B, C, D, 10A, B, 12A, 14A, 15, and 17A; solid red boxes outline areas displayed in Figs.
4A, B, C, 5A, B, C, 13A, and B; transects A–A′, B–B′, C–C′, and D–D′ denote cross sections displayed in Fig. 11A, B, C, and D. Inset shows the location of the study area (Box B) and the
distribution of fossil aquifers across North Africa and Arabia.
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stream characteristics (stream proﬁle, width, density, and onset loca-
tion), and the degree to which structures control stream distribution
(Laity and Malin, 1985; Luo et al., 1997; Hoke et al., 2004).
For several decades, THVhave been considered by default as ground-
water sapping–related landforms in many areas worldwide, including
the Western Desert, Egypt (Luo et al., 1997); Hackness Hills, England
(Nash, 1996); Apulia region, southern Italy (Mastronuzzi and Sansò,
2002); Altiplano plateau, northern Chile (Hoke et al., 2004); slopes of
the Kohala volcano, Hawaii, USA (Kochel and Piper, 1986); the Colorado
Plateau, USA (Laity and Malin, 1985); the Southern High Plains, USA
(Wood, 2002); Obara Hills, Japan (Onda, 1994); and the CanterburyPlain, New Zealand (Schumm and Phillips, 1986). The THV were also
recognized on the Martian surface (Higgins, 1982; Kochel and Piper,
1986; Malin and Edgett, 2000).
The proposed groundwater origin for the formation of THVwas later
challenged by ﬁndings from ﬁeld and experimental studies. These stud-
ies indicated that the valleys should not be exclusively attributed to
groundwater seepage, but other processes (e.g., megaﬂooding,waterfall
erosion, landslides, and differential weathering) could play a major role
in their formation as well (Lamb et al., 2006, 2008, 2014; Lamb and
Dietrich, 2009; Craddock et al., 2012; Marra et al., 2014; Irwin et al.,
2014). The major arguments that were advanced against the seepage
erosion origin are the bedrock strength and the large size of THV,
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gantic water discharge to disintegrate bedrock and remove (transport)
weathering products away from the escarpment, but also for these pro-
cesses to be active for substantial timespans to remove the large
amounts of weathered material (Howard and Kochel, 1988; Howard
and Selby, 1994; Lamb et al., 2006).
In this manuscript, we show that the aforementioned conditions for
groundwater processes including sapping activity prevailed during the
previous wet Pleistocene periods in the Sahara and played a major role
inmodifying the Saharan landscape.We advocate that during thewet cli-
matic periods pressurized groundwater accessed deep-seated faults,
caused prolonged and extensive discharge, incised THV, underminedFig. 2. Hydrostratigraphy of the NSAS. (A) Sketch map showing the distribution of the NSAS,
directions within the NSAS. (B) Simpliﬁed hydrostratigraphic cross-section along line A–A′ pl
from Thorweihe, 1990). Elevations in all ﬁgures are given in meter above mean seal level (m.aescarpments and caused them to retreat, left tufa plastered on escarp-
ment faces and playa deposits proximal to these cliffs, and depressions
were formed. Our approach calls on the application of statistical models
and integration of observations from remotely acquired data, ﬁeld obser-
vations, geological, geomorphological, and isotopic data to accomplish the
following: (1) delineate THVacross theNSAS; (2) investigate thedistribu-
tion of THV, playas, and tufa deposits in relation to that of the escarpments
and stream networks in search of causal effects in the Qattara, Kharga,
Farafra, and Dakhla depressions; (3) examine the origin of the tufa and
playa deposits, and (4) test the assumption of artesian upward leakage
from deep to overlying shallow aquifers by examining the isotopic com-
position of groundwater from the shallow and deep aquifers. We willthe PNAS, and the unconﬁned section of the underlying NAS, and the groundwater ﬂow
otted in Fig. 2A showing the distribution of the NAS and PNAS aquifer systems (modiﬁed
.m.s.l).
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the Saharan landscape will not only improve our understanding of the
evolution of the Sahara, but will shed light on the evolution of similar ter-
restrial (Arabia) and extraterrestrial analogs (Mars).
2. Geologic, hydrologic, and topographic settings of the NSAS
The NSAS is largely composed of: (1) pre-Upper Cretaceous conti-
nental sandstone formations (Nubian Aquifer System [NAS]), and
(2) Upper Cretaceous–Tertiary marine carbonates that give way to
Mio-Pliocene sandy formations (Post-Nubian Aquifer System [PNAS])
and build up the so-called Libyan Plateau (Fig. 2) (Thorweihe, 1990;
Bakhbakhi, 2006). The continental and marine sequences in the NSASFig. 3.Hillshade map for the study area showing the distribution of playas (El-Hinnawi et al., 20
2014), springs (Klitzsch et al., 1987), and our LR model outputs (distribution of modeled THV)are separated by conﬁning shale and clay layers of Cenomanian age
(Thorweihe and Heinl, 2002). The thickness of the marine carbonates
overlying the NAS aquifer increases northward (from 400 to 2000 m;
Shata, 1982).
The NSAS is heavily dissected by sub-vertical deep-seated faults,
manyofwhich are basement structures thatwere reactivated by tecton-
ic activities at later time periods (Neev et al., 1982; Sultan et al., 2007).
These include east–west—trending (Kalabsha trend) and northeast–
southwest—trending (Pelusium trend) fault systems in the southern
and northern Western Desert, respectively (Neev et al., 1982;
Hermina, 1990; Thurmond et al., 2004; Khan et al., 2014).
Measurements of radiochlorine (36Cl) and radiokrypton (81Kr)
isotopes in deep groundwater from the northern regions of the NSAS05, 2006), tufa deposits (Smith, 2001; Kieniewicz and Smith, 2009; Torab, 2013; Jimenez,
. Area covered by Fig. 3 is outlined by open red box 2 in Fig. 1.
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areas proximal to the recharge areas, where reported ages do not ex-
ceed a few tens of thousands of years (Sturchio et al., 2004; Patterson
et al., 2005). The recharge areas for the NSAS are found in the south,
where the NAS crops out. Unconﬁned aquifer conditions prevail in the
south and give way to conﬁned conditions north of latitudes 25°N
(Sturchio et al., 2004), giving rise to a regional groundwater ﬂow from
southwest to northeast and from south to north (Shata, 1982;
Thorweihe, 1990; Salem and Pallas, 2004).
Because of the extensive faulting in the NAS (Neev and Hall, 1982;
Shata, 1982; Thorweihe, 1990) and the high artesian pressure of the
overlying thicknesses, artesian upward leakage takes place along
deep-seated faults and recharges the overlying PNAS aquifer
(Shata, 1982; Sultan et al., 2007). Furthermore, discharge occurs in
depressions where the groundwater level intersects the surface.
These depressions enclosed several paleolakes during Pleistocene
wet periods and are now the sites of playa deposits under present
dry conditions. Examples include the Balat and Bahr playas in
Egypt (Hassan et al., 2001; Brookes, 2010) (Fig. 1). Under present-
day arid conditions, discharge in closed depressions (e.g., the Qattara
depression in Egypt) produces evaporative sabkha deposits (Aref
et al., 2002; Salem and Pallas, 2004).
As described earlier, the landscape of the NSAS is dominated by ex-
tensive ﬂat-topped, gently dipping strata that are truncated by depres-
sions and escarpments, many of which are structurally controlledFig. 4. Typical features for THV in plain view (left) and in cross section (right) in the Farafra (4 A
like heads, structural control patterns, U-shaped proﬁles, Vf values N 1, ﬂat ﬂoors, and low stream
al. (1997); El-Hinnawi et al. (2005, 2006), and ﬁeld measurements. Areas covered by Fig. 4A, 4(Said, 1979; Robinson, 2002). Proximal to, and at the foothills of, these
escarpments are springs and depressions; plastered on the walls of
some of these escarpments, and located at scarp-foot depressions
(e.g., the Kharga and Dakhla depressions) (Fig. 3), are groundwater
tufa deposits of varying ages (Smith et al., 2004a; Adelsberger and
Smith, 2010; Brookes, 2010). For example, reported tufa ages ranged
from 50 to 600 ka in the Kharga depression, and from 80 to 620 ka in
the Dakhla depression (Smith et al., 2004a; Brookes, 2010; Jimenez,
2014). The THV were reported in the Kharga and Farafra depressions
and the following features were identiﬁed as indicative of their
presence: (1) headward channel growth; (2) scallop-shaped escarp-
ment edges; (3) stubby-looking geometry; (4) theater-like heads;
(5) U-shaped proﬁles with valley–width ratio exceeding 1.0 (Pedrera
et al., 2009); (6) ﬂat ﬂoors; and (7) structurally controlled patterns
(Luo et al., 1997). These features, togetherwith three additional features
(1) low stream order; (2) asymmetrical drainage patterns (Laity and
Malin, 1985; Kochel and Piper, 1986; Schumm et al., 1995); and
(3) high junction angles (N55°; Kochel and Piper, 1986; Devauchelle
et al., 2012) were used to delineate similar THV in the Colorado Plateau,
Hawaii, and Florida Panhandle.
Awide distribution of features indicative of the presence of THVwas
revealed from the examination of Google Earth images draped over dig-
ital topography and cross sections across valleys in the Kharga and
Farafra depressions, the areas where Luo et al. (1997) ﬁrst reported
their presence, and the Qattara depression (Fig. 4).), Kharga (4B), and Qattara (4C) depressions, including stubby-looking geometry, theater-
order. Stratigraphic data in cross sectionswere derived fromKlitzsch et al. (1987), Luo et
B, and 4C are outlined by solid red boxes 4A, 4B, and 4C, respectively, in Fig. 1.
Table 1
Sample locations, well information, O and H isotopic compositions for groundwater samples from wells tapping the NAS, Miocene, and Pliocene aquifers in north Western Desert, Egypt.
Well No. Name Latitude N Longitude E Aquifer type DWT* (m) δD (‰) δ18O (‰)
31 El-Sedk Farm 30.5137 30.0240 Production well in Pliocene 26 −12.6 −1.37
32 Sabry Harfoush Farm 30.4187 29.9163 Production well in Miocene 150 10.1 1.29
33 El-Zoghbi Farm 30.4518 29.9566 Production well in Miocene 2.6 0.42
34 Ali Salem Farm 30.4707 30.2795 Production well in Pliocene −7.0 −1.28
36 El-Tyseer Farm 30.5782 29.8966 Production well in Pliocene 7.3 0.99
37 Abu Gamous Farm 30.5355 30.0260 Production well in Pliocene −5.6 −0.59
38 Spring 30.3950 30.3300 Artesian spring in Pliocene artesian −8.6 −1.61
61 Ahmed Atyia Farm 30.2866 30.1890 Production well in Miocene 190 −14.4 −2.34
62 El-Wadi Farm 30.1867 30.1047 Production well in Miocene −15.1 −2.37
63 Bir El-Geles 28.3538 28.8653 Production well tapping Nubian 30 −81.5 −10.74
64 Bir Haddad 28.3544 28.8709 Production well tapping Nubian 8 −80.6 −10.28
65 Ain Madi well 28.3284 28.7943 Production well tapping Nubian 20 −80 −10.25
66 Bir Tamania 28.3457 28.8220 Production well tapping Nubian −83.6 −10.87
67 Bir El-Meftella 28.3593 28.8472 Production well tapping Nubian 45 −83.1 −10.83
68 Bir Walid 28.3448 28.8516 Production well tapping Nubian −83.4 −10.79
69 Bir Segam 28.3430 28.9521 Production well tapping Nubian −83.4 −10.85
70 Ain Youssef 28.3357 29.0836 Artesian well in the Nubian artesian −83.7 −10.82
71 Iron Mines 28.4817 29.1824 Production well tapping Nubian 110 −84.4 −10.81
72 El-Bohour Well 28.8062 29.1602 Artesian well tapping Nubian artesian −83.8 −10.96
⁎ depth to water table.
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We adopted an integrated approach that utilizes statistical model-
ling and spatial analysis of ﬁeld, remote sensing, isotopic, and chrono-
logic datasets in a geographical information system (GIS) to
investigate the role of groundwater discharge in the evolution of the Sa-
haran landscape. The collection and analysis of data was carried out on
both the local and regional scales.We co-registered all datasets to a uni-
ﬁed projection (Datum: WGS-84; UTM Zone: NSAS N36, NWSAS N32,
Upper-Mega Aquifer System N38) in a GIS environment.3.1. Remote sensing data sets
Remote sensing data sources include: (1) Advanced Spaceborne
Thermal Emission and Reﬂection Radiometer (ASTER) digital elevation
model (DEM) mosaics (scenes: 12; spatial resolution: 30 m; source:
USGS website1; coverage: the Qattara, Kharga, Farafra and Dakhla
depressions in Egypt, Gebel El-Gharbi in the NWSAS, and Al-Guwifa
area in Saudi Arabia), Shuttle Radar Topography Mission (SRTM) DEM
mosaics (tiles: 475; spatial resolution: 90m; source: USGSwebsite; cov-
erage: NSAS, NWSAS, and Najd Plateau); (2) painted hillshade images
for the NSAS, the NWSAS, and Najd Plateau derived from the DEMs
using the Arc hillshade tool (ESRI Arc GIS v.10); (3) drainage networks
andwatershed boundaries extracted from SRTM andASTERDEMs using
D8 ﬂow direction algorithms (O'Callaghan and Mark, 1984) in Arc
Hydro tool (ESRI Arc GIS v.10); (4) Landsat 4–5 Thematic Mapper
(TM) mosaic bands 7, 4, and 2 (scenes: 11; spatial resolution: 30 m;
source: Global Land Cover Facility database2; coverage: north Western
Desert of Egypt); (5) false-color composite (blue: band 2; green: band
4; and red: band 7) Landsat 8 mosaic (three scenes; spatial resolution:
30 m source: USGS website; coverage: the Kharga depression in Egypt,
Gebel El-Gharbi in the NWSAS, and Al-Guwifa area in Saudi Arabia);
(5) high-resolution 3D models generated from Landsat 8 and ASTER
DEM following the application of a resolution merge (Gram-Schmidt
Pan Sharpening method; Li et al., 2004) of multispectral Landsat 8
images (spatial resolution: 30 m) with panchromatic Landsat 8 images
(15 m resolution); (6) Radarsat-1 mosaic (tiles: 2; spatial resolution:
30 m; source: Canadian Space Agency website3; coverage: Egypt and
northern Sudan); (7) Geoeye images (scenes: 8; spatial resolution:
1 m; source: Google Earth imagery; coverage: Qattara, Kharga, and1 http://earthexplorer.usgs.gov
2 www.landcover.org
3 http://www.asc-csa.gc.ca/eng/satellites/radarsat1/mosaic.aspFarafra depressions; (8) merged Advanced Land Imager (ALI) (scenes:
1; spatial resolution: 10 m; source: USGS website; coverage: Qattara),
and (9) Mars datasets including Mars Orbiter Laser Altimeter (MOLA)
mosaic and the High-Resolution Stereo Camera (HRSC) mosaic (ESA/
DLR/FU Berlin; source: the Geosciences Node of NASA's Planetary Data
System at Washington University in St. Louis).
3.2. Geologic maps
We utilized the following geologic maps: (1) mosaicked geologic
map for the Western Desert (scale: 1:500,000; sheets: 15; coverage:
Western Desert, Egypt; Klitzsch et al., 1987); (2) mosaicked geologic
map for the northern Western Desert (scale: 1:250,000; sheets: 25;
coverage: north Western Desert, Egypt; El-Hinnawi et al., 2006);
(3) mosaicked geologic map for the south Western Desert (scale:
1:250,000; sheets: 30; coverage: south Western Desert, Egypt; El-
Hinnawi et al., 2005); (4) distribution of deep-seated and surface regional
faults for the Western Desert (coverage: Western Desert, Egypt; Klitzsch
et al., 1987; El-Hinnawi et al., 2005, 2006; Wescott et al., 2011); (5) de-
tailed stratigraphic sections for the Western Desert, Egypt (coverage:
the Kharga, Farafra andDakhla depressions; Hermina, 1990); and (6) dis-
tribution of tufa and playa deposits in the Western Desert (coverage:
south Western Desert, Egypt; source: Crombie et al., 1997; Sultan et al.,
1997; Smith, 2001; El-Hinnawi et al., 2005; Jimenez, 2014).
3.3. Isotopic and chronological data
We collected twenty groundwater samples for isotopic analyses
(H andO) from the Bahariya Oasis, tapping theNubian Aquifer (10 sam-
ples), and fromWadi El-Natrun andWadi El-Farigh areas (10 samples),
tapping the Miocene and Pliocene aquifers (Table 1; Fig. 1). Wells were
pumped for a minimum of 20 to 30 min prior to sample collection.
Groundwater samples were collected in 100 ml polyethylene bottles
and tightly capped. Stable isotope ratios of H and O in water were mea-
sured at ISOTECH Laboratories in Champaign, Illinois, USA using a
Picarro cavity ring-down spectroscopy (CRDS) laser system (Lehmann
et al., 2009). The isotopic data for samples are reported (Table 1) in
terms of the conventional delta (δ) notation, in units of permil (‰) de-
viation relative to Vienna standard mean ocean water (V-SMOW;
Coplen, 1996), whereby
δ ‰ð Þ ¼ R sample=R standardð Þ−1½   103 ð1Þ
and R= 2H/1H or 18O/16O.
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for samples from the northern part of theWestern Desert from: (1) Oli-
gocene, Miocene, and Quaternary aquifers in El-Fayum area (21 sam-
ples: Thompson, 2007), and from (2) Miocene, Pliocene, and
Quaternary aquifers (30 samples: El-Gamal, 2005) (Fig. 1). Four ground-
water samples (S.31, S.33, S.61, and S.62) were collected for 14C dating
along two east–west—trending traverses west of the Nile Delta. Dis-
solved inorganic carbon (DIC) was ﬁrst extracted in a vacuum by acidi-
fying the sample, and the extracted carbon dioxide was cryogenically
puriﬁed from other reaction products and catalytically converted to
graphite (Vogel et al., 1984). Graphite 14C/13C ratios were measured
using the 0.5 MeV accelerator mass spectrometer at the University of
Georgia Center for Applied Isotope Studies (Cherkinsky et al., 2010).
The 14C isotopic abundances are reported (Table 2) in percent modern
carbon (pmC), relative to that in atmospheric CO2 in 1950 (Stuiver
and Polach, 1977). Model ages are given in radiocarbon years before
1950 (years B.P.), using a 14C half-life of 5568 years. The error is quoted
as one standard deviation and reﬂects both statistical and experimental
errors. The datawas corrected for isotopic fractionation. For comparison
purposes, our results were compared to reported 14C ages for ground-
water samples collected along an east–west transect to the west of the
Nile Delta (Aeschbach-Hertig et al., 2007).
4. Methods and ﬁndings
The adopted approach is a four-fold exercise. We ﬁrst delineate the
regional distribution of THV across the NSAS (Task I). We then investi-
gate the spatial correlation between the delineated THV, playa and
tufa deposits, stream networks, and distribution of stratigraphic units
on a regional scale (Task II) and on a local scale in selected areas
(Qattara, Kharga, Farafra, and Dakhla depressions) (Task III) in search
of causal effects. Finally, we test the assumption of artesian upward
leakage fromdeep to overlying shallow aquifers by examining the isoto-
pic composition of groundwater samples in relation to the distribution
of deep-seated faults (Task IV).
4.1. Delineation of the regional distribution of THV across the NSAS
Visual inspection of image products similar to those shown in Fig. 4
indicated that THV are widespread across the NSAS. To enable mapping
of these features over the NSAS and across the entire Sahara, we devel-
oped a GIS-based logistic regression (LR) model to predict the presence
or absence of THV based on values of a set of predictor variables, all of
which were extracted from remote sensing datasets. The application
of the model encompassed four steps: database generation, model con-
struction, model validation, and model output generation. We used the
ten morphological characteristics listed above together with one addi-
tional feature (valley height–width ratio [Vf]) (Fig. 4) to identify the lo-
cations of THV in the NSAS using remotely acquired data. The Vf was
used to quantify the U-shaped cross section of THV (high Vf value:
N1) relative to V-shaped valleys (Vf values: ~0) (Pedrera et al., 2009).
Because of the extensive area covered by the NSAS and the inacces-
sibility of large areaswithin theNSAS, the adoptedmethodology heavily
relied on observations extracted from high-resolution satellite imagery
(viewable in Google Earth) that were ﬁeld-veriﬁed in selected locations
(e.g., the Farafra and Qattara depressions). Using theseTable 2
Carbon isotopic data and 14C model ages for investigated groundwater samples.
Well No. GGAMS# δ13C
(‰)
14C
pMC
14C model age
years B.P.
31 13,317 −8.8 32.81 ± 0.11 8950 ± 30
33 13,318 −7.6 10.46 ± 0.06 18,140 ± 40
61 13,319 −9.1 38.04 ± 0.13 7760 ± 30
62 13,320 −8.9 35.92 ± 0.13 8230 ± 30geomorphological criteria, we identiﬁed a total of 1500 THV-present
points and 1534 THV-absent points. In the selection of the THV-
present points, we targeted the onset of the valleys only. The THV in
the NSAS range from tens of meters to few kilometers in cross section.
Although the THV are larger in dimensions than gullies, both have sim-
ilar morphological characteristics; the THV and gullies share the
headward growth, theater- or amphitheater-like heads, paucity of
stream tributaries, vertical sidewalls, and tendency to occur along
steep slopes (Luo et al., 1997; Martınez-Casasnovas et al., 2004; Hobbs
et al., 2014;). To map the distribution of THV in the NSAS, we applied
LR statistical methods and predictor variables that were successfully
used to map large gullies and topsoil depressions related to groundwa-
ter sapping or runoff erosion in Spain, Italy and Turkey
(Martınez-Casasnovas et al., 2004; Fernandez et al., 2008; Akgün and
Türk, 2011; Conoscenti et al., 2014). We used six predictor variables in-
cluding: slope angle, plan curvature, proﬁle curvature, drainage density,
stream power index [SPI], and topographic wetness index [TWI])
images.
THV are characterized by steep slopes (Laity and Malin, 1985;
Dunne, 1980; Howard and Selby, 1994), negative plan curvatures
(i.e., surface is increasingly concave toward valley sides), positive proﬁle
curvatures (i.e., surface is increasingly convex at higher elevations;
Fernandez et al., 2008), low drainage density and low stream order
(Laity and Malin, 1985; Kochel and Piper, 1986; Luo et al., 1997), and
moderate SPI and TWI values given the high slope and small upslope
contributing area for the THV. Our measurements for the 1500 THV-
present points show that this is indeed the case (mean ± 1S: slope:
14.9° ± 6.5, plane curvature:−0.25 ± 0.18, proﬁle curvature: 0.17 ±
0.06, stream density: 9.4 ± 15.4, SPI: 8.6 ± 1.2, TWI: 12.1 ± 1.37).
We generated a lithologic binary (1,0) ﬁlter, a lithologic map with a
spatial resolution of 90 m to identify areas with massive carbonate cap
rock overlying easily eroded beds, a condition that was previously identi-
ﬁed for the formation of THV in the Kharga depression (Luo et al., 1997).
The model was applied only to the limestone-covered plateaus in Egypt
and Libya; thus, the mapped THV are probably those that formed under
conditions and settings similar to those identiﬁed in the Kharga area.
The LR-delineated distribution for the THV across the NSAS is an oc-
currence probability map ranging from 0 to 1. Fig. 3 shows the distribu-
tion of the THV at probabilities equal to, or exceeding, a threshold value
of 0.9. Inspection of Fig. 3 and other data sets (e.g., DEM or slope image)
indicate that the majority of the identiﬁed THV occur along the edges of
the Libyan Plateau and along the escarpments of depressionswithin the
plateauwith a total length of 1450 km. Becausewe targeted the onset of
these valleys in the selection of the THV-present points, the LR-delineated
distribution includes the topmost locations of the THV (alcoves), whereas
the main channels of the valleys were not incorporated (Fig. 5). The area
occupied by the delineated alcoveswas estimated at 3436 km2. Addition-
al description for the predictor variables, theVf ratio, andmodel construc-
tion and validation is given in supplementary materials.
4.2. Spatial correlation between delineated THV, tufa and playa deposits,
and stream networks
We correlated the spatial distribution of the delineated THV across
the NSAS with that reported for tufa deposits (Sultan et al., 1997;
Nicoll et al., 1999; Smith et al., 2004a, 2004b; Kieniewicz and Smith,
2009; Adelsberger and Smith, 2010; Torab, 2013; Jimenez, 2014)
(Fig. 3). Inspection of Fig. 3 shows: (1) the delineated THV are concen-
trated along the peripheries of the Libyan Plateau escarpments and on
the scarp faces of depressions within the Plateau, and (2) the reported
occurrences and types (plateau, wadi, and basinal) of tufa deposits
(Crombie et al., 1997; Smith et al., 2004b; Adelsberger and Smith,
2010; Brookes, 2010) and the majority of playa deposits (El-Hinnawi
et al., 2005, 2006) are proximal (b25 km) to the delineated THV
(Figs. 3, 6, and 7). Scarp or plateau tufas are plastered along scarp
faces at elevations exceeding present-day piezometric surfaces (i.e.
Fig. 5. Google Earth images showing selected THV in the Western Desert (left) and the LR model-delineated pixels (red squares) along the alcoves (right) in the Farafra (Fig. 5A), Kharga
(Fig. 5B), and Qattara (Fig. 5C) depressions. Areas covered by Fig. 5A, 5B, and 5C are outlined by solid red boxes 5A, 5B, and 5C, respectively, in Fig. 1.
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wadi tufas are generally located at lower elevations and follow the old
slope of the escarpment as thin inclined sheets or as thick horizontal
strata (Smith et al., 2004b). Basinal tufas (also called spring tufa
mounds) are associated with lacustrine playa deposits in scarp-foot
depressions, with a maximum distance of 25 km from proximal escarp-
ments (e.g., the Dakhla depression; Figs. 3 and 6).
We also correlated the spatial distribution of the delineated THV
across the NSAS with the reported distribution of lacustrine playa de-
posits (El-Hinnawi et al., 2005, 2006) and the inferred distribution of
the paleochannels (Fig. 7). We used two datasets to map the
paleochannels: (1) radar imagery (C band from Radarsat-1) that pene-
trates (up to 50 cm) the dry ﬁne-grained sand sheet in the study area
and images the shallow subsurface features (Schaber et al., 1997), and
(2) DEM from which the drainage network was extracted. A mosaic
was generated from Radarsat-1 tiles over Egypt and Sudan.We extract-
ed the major drainage networks from the DEM applying a high thresh-
old value for the number of cells (50,000 cells) draining toward a
downslope cell. The Radarsat-1mosaic, the extracted drainage network,
the delineated THV, and the reported playa deposits are all shown in
Fig. 7. Inspection of radar imagery (Fig. 7), visible near-infrared (VNIR)
imagery, our ﬁeld observations, and those reported by Kröpelin(1993) indicate that: (1) well-developed drainage systems are absent
over the Libyan Plateau, and (2) locations of delineated THV mark the
onset of drainage systems.
We observed a major west to east paleo-drainage pattern on the
radar imagery (Fig. 7, dark interconnected channel networks) and in
the DEM-derived channels (Fig. 7, blue lines). The source areas for this
network are the Gilf Kebir Plateau and Uweinate highlands; one in-
terpretation for the general correspondence between the radar
paleochannels and the DEM-derived channels is that the sand sheet
cover in these areasmodulates, but does not obscure, paleotopography.
Similar applications and ﬁndings were reported in the study area
(Ghoneim and El-Baz, 2007).
4.3. Landscape analysis of selected geomorphological sites in the NSAS
Additional insights into the origin of THV and natural depressions
within the limestone Libyan Plateau and associated denudational land-
formswere gained from the landscape analysis of selected four geomor-
phological sites (Fig. 1) in the Qattara, Kharga, Farafra, and Dakhla
depressions. The LR model results indicate abundant distribution of
THV along escarpments in these locations. We compiled the published
geological and structural datasets in a GIS environment, together with
Fig. 6. Color-coded digital elevation model showing the spatial correlation between the distribution of THV-rich escarpments and tufa deposits in the Kharga (Wadi El-Midauwara)
(Fig. 6A) and Dakhla (Fig. 6B) depressions. The letter T refers to selected locations of THV. Areas covered by Fig. 6A and 6B are outlined by open red boxes 6A and 6B, respectively, in Fig. 1.
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logic and topographic characteristics of these locations. The studied
sites display striking similarities in their geologic and topographic
characteristics: (1) minimal contribution of the Libyan Plateau
drainage systems (i.e. exorheic streams) into the depressions,
(2) high structural control, (3) strong-over-weak stratigraphy, and
(4) abundant denudational landforms and tracers for groundwater
activity.4.3.1. Minimal contribution of the Libyan Plateau exorheic drainage
systems
Wedelineated drainage networks over the Libyan Plateau over areas
where THV are prominent, extensive and deeply incised into the
depressions-bounding escarpments in the four investigated regions
(Qattara, Kharga, Farafra, and Dakhla). The networks were extracted
from the DEM by applying a small threshold value for the number of
cells (100 cells) draining toward a downslope cell. The extracted
Fig. 7.Radarsat-1mosaic over southwest Egypt andnorthern Sudan showing thedistributionof reported playa deposits (El-Hinnawi et al., 2005), LR-delineated THV, and SRTM-delineatedmajor
streams. Area covered by Fig. 7 is outlined by open red box 7 in Fig. 1.
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Fig. 8 reveals the following in all investigated areas: (1) the surface of
the Libyan Plateau gently slopes and drains away from the escarpment
and, (2) we infer a minimal contribution of the surface runoff over the
Libyan Plateau into the THV and their bounding escarpments given
the limited extension of the catchment areas.
Wedelineated the catchment area for a number of THV in each of the
investigated regions. We ﬁrst identiﬁed a snap pour point at a location
that is approximately halfway along the valley's length (Fig. 8), and
we then calculated the upstream contributing area using ﬂow accumu-
lation algorithms (Tarboton, 1997; Teng et al., 2008). We derived con-
servative estimates for the eroded volume of these valleys by ﬁrst
projecting the surface of the Libyan Plateau to its pre-incision location
and then calculating the volume of rocks subtended between theprojected surface and present-day DEM (Giaconia et al., 2012). The
adopted methodology yields minimum estimates for the eroded
rocks (Bellin et al., 2014). Our ﬁndings reveal small upslope contrib-
uting areas (range: 4.21 to 43.2 km2) and considerable erosion
(volume eroded material: 2.8 × 107 to 259 × 107 m3) when
compared to THV that were generated by megaﬂoods elsewhere
(upslope contributing area: 228 to 4713 km2; volume eroded mate-
rial: 9.2 × 106 to 1.46 × 107 m3; Lamb et al., 2008; Table 3).
4.3.2. High structural control
In this section, we demonstrate that structural control on the THV in
the Sahara can be recognized on two levels. On the regional scale, major,
sub-vertical, deep-seated fault systems act as conduits for ascending
groundwater, provide opportunities for surface or near-surface
Fig. 8. Delineated stream networks over the THV-rich escarpments and the Libyan Plateau showing minimal contribution of plateau surface runoff to depressions and their bounding es-
carpments in the Qattara (Fig. 8A), Kharga (Fig. 8B), Farafra (Fig. 8C), and Dakhla (Fig. 8D) depressions. Areas covered by Fig. 8A through 8D are outlined by red boxes 8A through 8D,
respectively in Fig. 1.
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with progressive dissolution and/or denudation of the faulted blocks
(Laity, 1988; Luo et al., 1997). On the local scale, fracture systems exert
substantial control over the distribution and geometry of the THV. Often
the case the THV propagate preferentially along existing fracture planes
that represent zones of weakness (Laity and Malin, 1985).
Our ﬁeld observation in the Western Desert in general, and in the
four geomorphological sites in particular, together with the inspec-
tion of Google Earth images, geological maps (Klitzsch et al., 1987;
El-Hinnawi et al., 2005, 2006), and 2D and 3D seismic proﬁles
(Wescott et al., 2011) reveal two prominent, yet poorly understood,
fault systems across large sectors of the Western Desert. The ﬁrst is a
northeast–southwest to east–west trending system that could beTable 3
Upslope contributing areas and minimum eroded volume of selected THVs in the Sahara and i
Valley name Minimum eroded volume
Box Canyon 1.46 × 107 m3
Blind Canyon 9.2 × 106 m3
Qattara valley (A) 151 × 107 m3
Qattara valley (B) 225 × 107 m3
Farafra valley (A) 29.6 × 107 m3
Farafra valley (B) 2.8 × 107 m3
Kharga valley (A) 61.6 × 107 m3
Kharga valley (B) 164 × 107 m3
Dakhla valley (A) 259 × 107 m3
Dakhla valley (B) 20.7 × 107 m3part of the Pelusium System, a major transcurrent Precambrian
fault system that witnessed periodic activities throughout the geo-
logic record (Neev et al., 1982). It runs subparallel to the eastern
margin of the Mediterranean, curves northeast–southwest across
central Africa, and extends from the Nile Delta to the Niger Delta
(Neev and Hall, 1982).
The second trend is a northwest–southeast fault system that we in-
terpret here as possibly being reactivated Najd faults. The Najd is the
largest Proterozoic transcurrent fault system on Earth (Stern, 1985). It
extends for 1200 km in outcrop in the Arabian Peninsula and for an ad-
ditional 800 km under the sedimentary cover, making a potential total
length in excess of 2000 km (Brown and Coleman, 1972). Using a pre-
Red Sea rift reconstruction, together with ﬁeld, geochemical, andn the Snake River Plain, Idaho, USA.
Contributing area Notes
228 km2 Lamb et al. (2008)
4713 km2 Lamb et al. (2008)
7.03 km2
8.73 km2
4.92 km2
4.21 km2
13.89 km2
43.2 km2
10.57 km2
4.62 km2
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of the Najd shear system of the Arabian Shield into the basement com-
plex of the Central Eastern Desert of Egypt. We speculate that this sys-
tem extends at depth under the sedimentary cover in the Eastern and
Western Deserts. As is the case withmany of the Najd faults in the East-
ern Desert that were reactivated by dip slip movement during the Red
Sea opening (Sultan et al., 2011; Abotalib andMohamed, 2013),we sug-
gest that similar movements could have occurred on these faults in the
Western Desert. Additional structural trends include the east–west
trending Kalabsha dextral faulting in southern parts of theWestern De-
sert (Issawi, 1982; Rayan et al., 2010) and the east–west trending Syrian
arc folding and faulting tectonics in the northern parts of the Western
Desert (Guiraud and Bosworth, 1997; Kuss et al., 2000). The above-
mentioned systems include deep-seated faults (Guiraud and
Bosworth, 1997; Saleh, 2011) that witnessed one or more episode of
movement throughout their geologic history (Moustafa, 2002;
AlFarhan et al., 2006). We suggest that many of these faults acted as
conduits for ascending Nubian groundwater.
Spatial correlation (in a GIS environment) of the distribution of THV
and the escarpments with the distribution of deep-seated structures in
the Western Desert (Fig. 9) extracted from over 700 wells, 2D and 3D
seismic proﬁles (Wescott et al., 2011), satellite and ﬁeld-based regional
structures (Neev et al., 1982; Klitzsch et al., 1987; El-Hinnawi et al.,
2005, 2006) revealed the following. First, the boundaries of the Qattara
depression, especially the northern Qattara escarpment, is highlyFig. 9. Distribution of major fault traces, deep-seated faults, and the Pelusiummeagashear syste
(Fig. 9A), Kharga (Fig. 9B), Farafra (Fig. 9C), and Dakhla (Fig. 9D) depressions plotted on hillshad
9D, respectively, on Fig. 1. Also shown are locations atwhich detailed geomorphological studies
A′), Kharga (Figs. 1, 9B: boxes 13A and 13B, line B–B′), Farafra (Figs. 1, 9C: box 14A, line C–C′)dissected by THV; the extension of the northern escarpment correlates
largely with the distribution of deep-seated northeast–southwest
trending faults, and to a lesser extent with the northwest–southeast
trending faults, suggesting a causal effect (Fig. 9A). Second, numerous
THV and tufa deposits are observed along Wadi El-Medawara embay-
ment in the Kharga depression; the wadi is bound by deep-seated,
east–west trending faults as evidenced by gravity and borehole data
(Zaher et al., 2009) that displaced underlying successions including
the basement (Hermina, 1990; Thurmond et al., 2004) (Fig. 9B). Third,
the western, eastern, and northern escarpments of the Farafra depres-
sion are highly dissected by THV and are apparently controlled by the
distribution of deep-seated northeast–southwest and northwest–
southeast fault systems (Klitzsch et al., 1987; El-Hinnawi et al., 2006;
Sanz-Montero et al., 2013) (Fig. 9C). Fourth, the distribution of large-
scale THV in the Dakhla depression (Fig. 9D) is typically correlated
with thedistribution ofmajor faults (northeast–southwest and to a less-
er extent by northwest–southeast trending faults; El-Hinnawi et al.,
2005). Often, it is the case that where these faults intersect the escarp-
ment, embayments and promontories are formed along the extension
of these faults, as with Wadi El-Battikh and Darb El-Tawil (Fig. 9D).
Fifth, the structural control over the distribution of the THV is observed
on the local level as well. For example, in the Farafra (Fig. 10A) and the
Kharga (Fig. 10B) depressions the THV have apparently propagated
along northwest–southeast and northeast–southwest trending struc-
tural discontinuities, respectively.m (Klitzsch et al., 1987; El-Hinnawi et al., 2005, 2006; Wescott et al., 2011) in the Qattara
e images. Areas covered by Fig. 9A through 9D are outlined by open red boxes 9A through
and stratigraphic cross-sectionswere conducted in theQattara (Figs. 1, 9A: box 12A, lineA-
, and Dakhla (Figs. 1, 9D: box 15, line D–D′) depressions.
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We constructed four stratigraphic cross-sections (Fig. 11) across the
selected sites using available geological datasets (Klitzsch et al., 1987;
Hermina, 1990; Churcher et al., 1999; El-Hinnawi et al., 2005, 2006),Fig. 10. Local structural control on the spatial distribution of THV in the Farafra (Fig. 10A) and K
boxes 10A and 10B, respectively, in Figs. 1 and 7.elevation data, and ﬁeld observations to investigate the morpho-
stratigraphic relationships in these locations. The four sites are all char-
acterized by strongmassive limestone, capping soft, easily eroded shale
and argillaceous sandstone. The Qattara depression (Figs. 9A and 11A;harga (Fig. 10B) depressions. Areas covered by Fig. 10A and 10B are outlined by open red
Fig. 11. Simpliﬁed stratigraphic cross-sections across the selected four sites, including the Qattara (Fig. 11A), Kharga (Wadi El-Medawara; Fig. 11B); Farafra (Fig. 11C), and Dakhla
(Fig. 11D) depressions showing the strong-over-weak stratigraphy. Stratigraphic data was extracted from Klitzsch et al. (1987), Hermina (1990), and El-Hinnawi et al. (2005, 2006).
The cross-sections were constructed along transects A–A′, B–B′, C-C′, and D–D′ shown as solid lines in Figs. 1 and 9.
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lower Miocene Moghra Formation and the middle Miocene Marmarica
Formation (Said, 1962). The Moghra Formation is mainly composed of
sandy and clayey beds, whereas the overlying Marmarica Formation
composition ranges from pure limestone to shaly limestone and marl
(Said, 1962). Further south, in the deepest region of the depression,
the black shale of the Upper Eocene–Oligocene Dabaa Formation is ex-
posed (Aref et al., 2002).
The Kharga depression (Figs. 9B and 11B; B–B′) is ﬂoored by Upper
Cretaceous Quseir and Duwi Formations and the Upper Cretaceous–
Paleocene Dakhla Formation. These sedimentary formations are mainly
composed of vari-colored shale and siltstone with calcareous marl,
phosphorite, and ﬁne-grained sandstone inter-beds (Hermina, 1990).
The embayment of Wadi El-Medawara is ﬂoored by the greenish-gray
shale of the Paleocene-Eocene Esna Formation (El-Hinnawi et al.,
2005). Along the scarp face, the Paleocene fossiliferous and chalkylimestone of the Kurkur and Tarawan Formations and the underlying
Dakhla Formation are exposed. The surface of the plateau is covered
by marine carbonate formations ranging from the Paleocene Garra For-
mation to the Oligocene Katkut Formation.
The Farafra depression (Figs. 9C and 11C; C–C′) is ﬂoored by Upper
Cretaceous Khoman and Paleocene Tarawan Formations. The Khoman
Formation consists of snow-white to light gray chalky limestone in the
northern part of the depression, which gives way to dark gray shale of
the Dakhla Formation in the south (Klitzsch et al., 1987; El-Hinnawi
et al., 2005). The Tarawan Formation is composed of snow-white chalky
limestone that is more compact and harder than the underlying
Khoman Formation (El-Hinnawi et al., 2005). Escarpment around the
depression is made up of the Upper Paleocene and lower Eocene se-
quences of the Esna and Farafra Formations, respectively (Hermina,
1990). The Esna Formation occupies the lower part of the escarpments
and consists of soft green shale intercalated with marl beds, whereas
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followed upward by snow-white limestone (Said, 1962).
The Dakhla depression (Figs. 9D and 11D; D–D′) is covered by
Upper Cretaceous Nubia group including the Taref Sandstone
Formation, the overlying Mut claystone, and the Duwi mudstone
Formations (Brookes, 2010). The escarpment of the Abu TarturFig. 12.Denudational landforms along the northernQattara escarpment. (A) 3Dmodel showing
plateau and their alignment with an identiﬁed deep-seated fault (Wescott et al., 2011); (B) Hig
showing the emergence of streams at the contact between the limestoneMarmarica Formation a
of the Moghra Formation. The area covered by Fig. 12A is outlined by open box 12A in Figs. 1 aPlateau is composed of the Upper Cretaceous–Paleocene Dakhla
Formation capped by Paleocene Kurkur and Garra Formations.
The Dakhla Formation consists mostly of shale, marl, and clay
with calcareous and sandy intercalations (Hermina, 1990); the
Kurkur and Garra Formations consist of massive thick-bedded
limestone.the extensive distribution of THV along the scarp face and the presence of sink holes on the
h-resolution (spatial resolution: 10 m) ALI image for the area outlined by box B in Fig. 12A
ndunderlying sandymember ofMoghra Formation, or between sandy and shalymembers
nd 9, and letter “T”marks the location of selected THV.
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activity
Field investigations, together with remote sensing-based landscape
analysis (Figs. 12 through 16) were conducted in the Qattara, Kharga,
Farafra, and Dakhla depressions in search of denudational landforms
that are associated with, and indicative of, groundwater activity.
Figs. 12A, 14A, and 15 are 3D models covering the Qattara, Farafra,
andDakhla depressions, respectively. Fig. 13A and B aremerged Landsat
8 images (spatial resolution: 15m) forWadi El-Medawara embayment.
Fig. 12B is a merged ALI image (spatial resolution: 10m) for the Qattara
escarpment. Figs. 14B, C, and 16 are ﬁeld shots from the Farafra depres-
sion. Inspection of Figs. 12 through 16 indicates that the investigated
sites share many denudational landforms. These include, ﬁrst, drainage
systems that over the bounding limestone Libyan Plateau are minimal
to absent, whereas the scarp faces are intensively incised by THV in all
four sites. Second, there are THV and sink holes that originate at, and
propagate along, major faults; examples include THV and sink holes
along the east–west trending escarpment ofWadi El-Medawara embay-
ment (Fig. 13A and B) and the sinkholes in the northernQattara depres-
sion that developed along a northeast–southwest trending fault that
runs parallel to the scarp rim (Wescott et al., 2011) (Fig. 12A). Third,
endorheic streams begin at the boundary between the strong and un-
derlying weak rock units. In the Qattara depression, endorheic streams
emerge at the boundary between the Marmarica limestone Formation
and underlying sandy member of Moghra Formation, and/or between
the sandy and shaly members of the Moghra Formation, (Fig. 12B). In
the Dakhla depression, they emerge at the boundary between the
Garra and/or Kurkur limestone Formations and underlying Dakhla
shale Formation (Fig. 15). Fourth, widespread playa deposits are found
at the terminations of endorheic streams (e.g., Farafra and DakhlaFig. 13. Denudational landforms in the Kharga depression (Wadi El-Medawara embayment)
trending fault (yellow arrows) that is part of the Seyal fault system. (B) Merged Landsat 8 im
major east–west trending fault that belongs to the Seiyal fault system (Jerris, 2014). Areas c
Figs. 1 and 9.depressions; Figs. 14 and 15). Lastly, we see the removal of large thick-
nesses of rock sequences by groundwater discharge during wet periods
and by aeolian processes in the interleaving dry periods (Aref et al.,
2002). Analysis of digital elevation data along transects A-A′ and B-B′
in Fig. 11 showed that the incision of THV in each of the Qattara and
Kharga depressions resulted in the removal of large thicknesses (up to
200 m) of the rock sequences.
Each of the investigated areas has its own peculiar denudational
landforms and features. For example, in the northern Qattara depres-
sion (Fig. 12), we observe the following: (1) the erosional processes re-
moved the limestone cap rock of theMarmarica Formation and exposed
the underlying shaly sandstone of the Moghra Formation within sink
holes and excavated THV; (2) extensive inland sabkhas located in
scarp-foot depressions, possibly where groundwater table intersect
the land surface; and (3) abundant features related to extensive salt
weathering including tafoni, block disintegration, gypsum veins cutting
through stratigraphic sequences, polygonal halite and ﬂaky gypsum
crusts, and salt quarries (Fig. 16). These ﬁeld and remote sensing obser-
vations in Qattara are consistent with elevated groundwater table dur-
ing the previous wet climatic periods in the Sahara that caused
intensive salt weathering, erosion, and removal of the limestone cap-
rock and the formation of THV and sinkholes.
In Wadi El-Medawara, the abundance of the structurally controlled
THV, sinkholes, and tufa deposits within the valleys (Figs. 9B and 13)
are consistent with a model that calls on artesian upward leakage
from the underlying NAS along deep-seated faults, causing erosion of
the plateau, formation of the embayment, and deposition of tufa. Our
ﬁndings are supported by the work of Smith et al. (2004a, 2004b),
who advocated extensive groundwater activity along Wadi El-
Medawara based on the wide distribution of tufa deposits over the. (A) Merged Landsat 8 image showing the distribution of sinkholes along an east–west
age showing the origination and propagation of THV (marked with letter “T”) along a
overed by Fig. 13A and 13B are outlined by open boxes 13 A and 13B, respectively, on
Fig. 14. Denudational landforms in the Farafra depression. (A) 3D model for the northwestern escarpment at Qass Abu Said Plateau showing the distribution of denudational and
dissolution landforms. (B) Rounded remnant hillocks (inselbergs) of playa deposits in Ain El-Raml area (Fig. 1). (C) Rounded remnant hills (pinnacles) of the chalky limestone
Khoman Formation. Area covered by Fig. 14A is outlined by open box 14A in Figs. 1 and 9.
125A.Z. Abotalib et al. / Earth-Science Reviews 156 (2016) 108–136Paloecene–Eocene units (Smith et al., 2004a, 2004b) and that of Luo
et al. (1997) who reported numerous structurally controlled, ground-
water sapping-related THV fromEl-Rufuf Pass, some80 km to the north.
Our investigations in the Farafra depression revealed abundant
denudational and dissolution landforms and remnant hills (e.g. pinna-
cles, limestone towers, and inselbergs) and sub-parallel ridges (e.g.Fig. 15. Three-dimensional model of Teneida playa basin and Abu Tartur Plateau showing the
outlined by open box 15 on Figs. 1 and 9.interﬂuves) that originate at scarp foothills and extend away from it
across a pediment surface. These relationships are observed locally on
a 3Dmodel (Fig. 14A) for the Qass Abu Said Plateau at the northwestern
corner of the Farafra depression and regionally on Google Earth Digital
Globe imagery and Radarsat-1 images (Fig. 7). Along the western es-
carpment of the Farafra depression, a wide (width: 2.5 km) pedimentcharacteristics of THV emanating from Abu Tartur scarp face. Area covered by Fig. 15 is
Fig. 16. Features related to salt weathering in the Qattara depression. (A) Tafoni landform in the Moghra sandstone Formation; (B) block disintegration of the Moghra sandstone and
spalling of the underlying evaporite vein–rich Moghra shale; (C) halite and gypsum veins cutting through the Moghra shale; (D) gypsum ﬂakes at the boundary between the Moghra
sandstone and shale; (E) polygonal-shaped halite crust; (F) ongoing salt quarrying from the sabkha.
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ridges (average height: 3 m; average width: 50 m) separated by inter-
leaving endorheic streams. The ridges originate at, or are proximal to,
the scarp face, and transition into a series of rounded remnant hills
along their extension away from the scarp face (Fig. 14B and C).
The origin of these rounded hills was attributed to expulsion of for-
mation water along layer-bounded polygonal fault systems in the
Khoman Formation and subsequent preferential ﬂuvial and aeolian
erosion along the faulted and fractured surfaces (Tewksbury et al.,
2014). Our ﬁeld observations and analysis of satellite images indi-
cate that these rounded features are bound by two of the dominant
fault systems of the Western Desert, the northwest- and northeast-
trending faults suggesting a causal effect. We suggest an alternative,
yet similar hypothesis: rising groundwater during previous wet cli-
matic periods accessed deep-seated faults and fractures, ﬂuvial and
later aeolian erosion along planes of weakness shaped the land-
scape giving rise to THV at the scarp face, subparallel ridges separat-
ed by interleaving endorheic streams, and a series of roundedremnant hills along their extension transitioning away from the
scarp.
Examination of a 3D model for the Teneida playa basin and Abu
Tartur escarpment in the Dakhla depression reveals that small-scale
THV or gullies are subdivided in three segments head alcoves, channels,
and depositional aprons (Fig. 15). The head alcoves are eroded depres-
sions along the side of a cliff or scarp face, and the depositional aprons
are, wedge-shaped features located at the bottom of a hillside; the
aprons comprise colluvial and slope wash processes sediments, cut
through Pleistocene slumping colluvium along the scarp rampart and
terminate in playas at the scarp-foot depression (also see Fig. 6). De-
tailed ﬁeld studies identiﬁed the slumping colluvium as gravel deposits
formed along the scarp ramparts by cliff-sapping of the limestone cap-
rock (Churcher et al., 1999; Kieniewicz and Smith, 2009; Brookes,
2010). The landforms described here bear striking similarities to those
observed on the surface of Mars (Malin and Edgett, 2000), which are
believed to have been formed by subsurface ﬂuid seepage, followed by
surface runoff along slope surfaces.
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In this sectionwe show thatmany of the playa and tufa deposits that
are proximal to the escarpments have lithologic characteristics and iso-
topic compositions that are consistentwith their deposition fromNSAS-
related groundwater discharge.
4.4.1. Lithologic characteristics of playa deposits
Inspection of Figs. 3, 6, and 7 indicates that the majority of the re-
ported playa occurrences fall in one of two groups: Group I are found
within scarp-foot depressions along linear trends that run parallel and
proximal (b25 km) to scarp faces, whereas Group II are distant
(N25 km) from the scarp faces and proximal to the west–east trending
paleo-channel network (Fig. 7). The unclassiﬁed playas on Fig. 7 are
found in areas where encroaching thick sand sheets obscure ﬁeld rela-
tions that are here used for classiﬁcation purposes. The aforementioned
observations are consistent with the deposition of Group II playas from
the west–east trending paleo-channel network (Fig. 7) and Group I
playas from spring waters emerging from the Libyan Plateau escarp-
ments, a suggestion that is supported by the lithologic and isotopic com-
position of Groups I and II.
Group I playa deposits are characterized by sequenceswith high car-
bonate content including intercalated calcareous silty sediments, highly
fossiliferous lacustrine marl deposits, fossiliferous authigenic calcite
silts, calcareous playa mud deposits, and massive limestone sequences,
whereas Group II playa deposits are largely composed of beach gravels,
aeolian sand, clay, non-calcareous medium sand, and siliceous mud;
authigenic chemical precipitates are absent. Group I playa sequences
were reported from the Dakhla depression (Churcher et al., 1999;
Kieniewicz and Smith, 2009; Brookes, 2010), Wadi El-Midawara in the
Kharga depression (Kieniewicz and Smith, 2007), from Abu Nuss, Ain
El-Raml, Bahr, Sheikh El-Obeiyid, and the Bir-Karawein area in the
Farafra depression (Hassan et al., 2001; Wanas, 2012; Hamdan and
Lucarini, 2013). Group II deposits were reported from the Nabta
(Wendorf and Schild, 1980), Bir Kiseiba (Wendorf et al., 1984), Bir Saha-
ra (Szabo et al., 1995), Umm Akhtar (Nicoll, 1998), Darb Al-Arba'in
(Haynes, 2001), and Bir Safsaf palyas (Fig. 3; Paillou et al., 2003).
The high carbonate content and relatively high δ13C (range δ13C:
−2.19 to 0.2‰) of the inorganic deposits of Group I playa in the Farafra,
Kharga, and Dakhla depressions are consistent with dissolution of lime-
stone by spring waters emerging from the Libyan Plateau escarpment
and re-precipitation of calcite within proximal playas (Kieniewicz and
Smith, 2007; Kieniewicz and Smith, 2009; Wanas, 2012). Differences
in pattern of distribution, distance to escarpments and major streams,
calcium carbonate content, and δ13C values point to differences in
water sources between the spring-fed Playa I (Group I) and river-fed
Playa II deposits (Group II).
4.4.2. Isotopic analysis of tufa deposits
We conducted the following steps to test whether the isotopic com-
position of the tufa deposits is consistent with deposition from NSAS
fossil groundwater. We ﬁrst compiled the reported isotopic composi-
tions (Crombie et al., 1997; Sultan et al., 1997; Smith, 2001; Jimenez,
2014) of tufa deposits (147 samples) collected from ﬁve localities
(Crystal Mountain, Farafra depression, Kharga depression, Kurkur
Oasis, and Dakhla depression; Fig. 3) in the Western Desert and used
these compositions to derive the isotopic composition (δ18O) of ground-
water from which these tufa were deposited. We followed the proce-
dures described in Friedman and O'Neil (1977) for the fractionation of
18O between CaCO3 and water under equilibrium conditions:
1000 lnα ¼ 2:78 106T−2
 
−2:89 ð2Þ
α ¼ 1000þ δ10Ocalcite
 
= 1000þ δ18Owater
 
ð3Þwhere α is the fractionation factor, T is the prevailing paleo-mean
annual air temperature (MAAT, in Kelvin) during calcite deposition
from spring water, δ18Ocalcite is the isotopic composition of the tufa, and
δ18Owater is the isotopic composition of the tufa-depositing groundwater.
The average value (19.8 °C) for the reported (Abouelmagd et al.,
2014) noble gas recharge temperatures (NGRT; range: 17.5–22.0 °C)
for fossil groundwater from the NSAS in Sinai was used as a proxy for
the MAAT.
The composition of the majority of the tufa (118 samples; 80% re-
ported analyses) are consistent with deposition from depleted Nubian
waters (range δ18O: −12.8 to −8.0‰) (Patterson et al., 2005). Few
samples (29 samples) yield more enriched water compositions (range
δ18O:−7.9 to−3.9‰); such enrichments could be attributed to evapo-
ration, degassing, and kinetic effects (Smith et al., 2004a).
Our ﬁndings pertaining to the origin of tufa deposits by natural
discharge are consistent with those advocated by Nicoll et al. (1999);
they stated that topographic locations, structural morphologies
(e.g., wedge-shaped slopes and broad sheets), mineralogical com-
position (e.g., very high calcite [N90 mol%] and very low
MgCO3[b1.2 mol%]), and organo-sedimentary laminations of tufa
deposits from different localities near the Kharga depression is in-
dicative of precipitation by processes operating within freshwater
spring-fed alkaline stream environments during pluvial Quaterna-
ry periods.
4.5. Isotopic analysis of groundwater samples
The main water-bearing horizons in the north Western Desert in-
clude six aquifers: theNAS, the carbonate aquifer, theOligocene aquifer,
the Miocene Moghra aquifer, the Pliocene Wadi El-Natrun aquifer, and
theQuaternary aquifer (RIGW, 1992). TheOligocene,Miocene, Pliocene,
and Quaternary aquifers in the study area (Fig. 17A) are hydrologically
connected and are considered as one hydrological unit (REGWA,
1990), hereafter referred to as the Oligocene Miocene Pliocene Quater-
nary (OMPQ) aquifer. The NAS is separated from these aquifers by the
Paleocene-Eocene carbonate aquifer (RIGW, 1992). The NAS was
recharged by direct precipitation over its outcrops in southern Egypt
and northern Sudan from an Atlantic moisture source during the Pleis-
tocene pluvial periods (Sultan et al., 1997; Sturchio et al., 2004).
The OMPQ aquifer is believed to be largely recharged by groundwa-
ter ﬂow from the Nile aquifer with contributions from the underlying
aquifers (Thompson, 2007; El-Gamal, 2005), whereas modern recharge
from local storms is negligible (b1% total annual recharge) (REGWA,
1990). The suggestion that the OMPQ aquifer is being recharged by
groundwater ﬂow from the Nile aquifer is supported by the progressive
increase in radiocarbon ages of groundwater samples (31, 33, 61, and
62; Fig. 17B and C) along the general groundwater ﬂow direction
(northeast to southwest; RIGW, 1992); we collected our samples from
the OMPQ aquifer along two northeast–southwest trending transects
proximal to, andwest of, the Nile Delta (Fig. 17B and C). Similar ﬁndings
were reported along an east-to-west transect where an increase in
groundwater ages was detected from tens of years in areas proximal
to the Nile Delta to thousands of years some 100 km to the west of it
(Fig. 17D; samples 8 and 10: b30 YBP; sample 25: 9250 YBP); these
ages were estimated using SF6, 3H–3He, and 14C dating methods
(Aeschbach-Hertig et al., 2007).
We collected groundwater samples from the Pliocene (six samples),
Miocene (four samples), and NAS (10 samples) aquifers, analyzed them
for their O and H isotopic compositions, and compared our analyses to
reported data (51 samples) from the OMPQ aquifer (Fig. 18). The inves-
tigated samples could be classiﬁed into four groups on the basis of their
isotopic composition. Group I samples were collected from wells
tapping the NAS in the Bahariya Oasis, and they have depleted δD and
δ18O values (δD:−84.4 to−80.0‰; δ18O:−10.3 to−11.0‰) similar
to those reported from the fossil Nubian groundwater elsewhere (δD:
−81 to −72‰; and δ18O: −12.8 to −8.0‰; Sonntag et al., 1978;
Fig. 17. (A) Distribution of groundwater samples from this study (solid synbols) and from previous studies (Thompson, 2007; El-Gamal, 2005) (open symbols) from the Quaternary Nile,
Pliocene, Miocene, Oligocene, and NAS aquifers in the northWestern Desert of Egypt that were analyzed for their stable isotopic compositions (O and H) and locations of transects along
which groundwater sampleswere collected in this study (T1 and T2) and in previous studies (T3; Aeschbach-Hertig et al., 2007) for 14C dating. Enlargement of areas encompassing T1, T2,
and T3 in Fig. 17A are shown in Fig. 17B, 17C, and 17D, respectively; these ﬁgures show transect location (purple line), sample numbers (yellow) and C-14 ages (red). Area covered by
Fig. 17A is outlined by open red box 17A on Fig. 1, and locations of wells are shown as solid yellow circles on Fig. 1.
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tracted from the OMPQ aquifer; their isotopic composition is enriched
(δD: −0.7 to 7.2‰; δ18O: −1.13 to 1.20‰) compared to Group I
samples and is similar to that of the pre-High Dam Nile water
(δD = −1 to 7.5‰ and δ18O = −1 to 1.5‰; El-Bakri et al., 1992;
Dahab et al., 1999; Sultan et al., 2000). Our data supports recharge
of the OMPQ aquifer by groundwater ﬂow from the Nile Quaternary
aquifer.
Not all of theOMPQaquifer samples have isotopic compositions sim-
ilar to those of the pre-High Dam. Many of them (19 samples, hereafter
referred to as Group III samples) display a wider range of compositions
(δD:−62.6 to−2.6‰; δ18O:−7.0 to−1.09‰); Group III samples are
here interpreted as being mixtures of fossil Nubian Group I, pre-High
Dam Nile Group II, and post-High Dam (Group IV) end members. The
samples from Group IV have the highest δD and δ18O values (δD: 18.8
to 25.4‰; δ18O: 2.08 to 3.10‰) compared to those of Groups I, II, and
III, and were collected from the Quaternary aquifer adjacent to the
Nile Delta. Group IV samples show a deviation from the global meteoric
water line (GMWL) suggesting evaporation-enrichment relationships
for 18O and δD.
Inspection of Figs. 17 and 18 shows that the spatial distribution of
Group II and III samples do not depend on the distance from the Nile
aquifer water. Some of Group III samples are closer to the Nile aquifer
than Group II samples. One explanation for this observation is that the
fossil Nubian groundwater ascends along deep-seated fault systems
and discharges into the shallower OMPQ aquifer. Artesian upwardleakage of the deepNubianwaters into the shallower carbonates and al-
luvium aquifers along deep-seated structures was also reported in the
Gulf of Suez (Sturchio et al., 1996) and in the Eastern Desert of Egypt
at Wadi El-Asyuti (Sultan et al., 2007) (Fig. 1).
4.6. Section ﬁndings
Our observations and ﬁndings are consistent with elevated ground-
water levels in the NSAS during previous wet climatic periods and favor
a groundwater origin rather than a surface runoff origin for the THV in
the Sahara. These statements are supported by the following: (1) LR
model outputs over the NSAS reveal an extensive distribution of THV
along the escarpments bounding depressions in the Libyan Plateau;
(2) spatial analysis of modeled THV reveals strong spatial correlation
with the distribution of tufa and Group I playa deposits; (3) analysis of
Radarsat-1 and DEM-based stream networks indicates that the well-
developed exorheic drainage systems are absent over the Libyan
Plateau and that the onset of endorheic streams are associated with
the delineated THV; (4) mass balance calculations indicate that the
small size of the upslope contributing areas for the individual THV is in-
consistent with a ﬂuvial origin for these features given the extensive
erosion that is required to remove the large volumes of material that
once residedwithin the area occupied by the THV; (5) areaswith abun-
dant THVdemonstrate high regional and local structural control; (6) the
escarpments that are strongly dissected by THV are characterized by
strong-over-weak stratigraphy and show evidence of salt weathering,
Fig. 18. δD versus δ18O plot for groundwater samples from fossil Nubian aquifer NAS (Group I), OMPQ aquifer (Groups II and III), and Quaternary Nile Aquifer Group (IV). Also shown are
the ﬁelds for the NAS groundwater (Sultan et al., 1997; Patterson et al., 2005), pre-High Dam groundwater (El-Bakri et al., 1992; Sultan et al., 2000), and post-High Dam groundwater
(Dahab et al., 1999; El-Gamal, 2005), the GMWL as a solid line (δD = δ18O + 10; Craig, 1961) and the evaporation line for the Nile water as a dotted line (Sultan et al., 2000).
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imal to THVwithin scarp-foot depressions have high carbonate content
and are enriched in δ13C values; (8) isotopic composition (δ18O) of tufa
deposits (147 samples) are consistent with deposition from depleted
Nubian waters (range δ18O:−12.8 to−8.0‰); and (9) stable isotopic
analyses of groundwater samples (71 samples) from the OMPQ aquifer
indicate that the fossil Nubian groundwater ascended along deep-
seated fault systems and discharged into the overlying shallower
OMPQ aquifer.
5. Discussion and implications
In this section, we ﬁrst review the popular models (sapping versus
surface runoff) that address the origin of the THV and show that the re-
quirements for the former model, not the latter, are available in the
study area. We then provide a conceptual model to explain how our
preferred sapping model can account for the observed and/or reported
topographic, geomorphologic, and hydrogeologic characteristics of the
NSAS study area. Finally, we demonstrate the resemblance of the THV
over the NSAS to those observed in neighboring Saharan and Arabian
fossil aquifer systems, in similar settings world-wide, and on the Mar-
tian landscape as well.
5.1. Groundwater versus surface runoff models
The role of groundwater sapping in shaping THV in resistant bedrock
has been recently challenged, and alternative models (e.g. megaﬂooding,
waterfall erosion, and landslides) for the development of THV were pro-
posed (Lamb et al., 2006, 2008; Lamb and Dietrich, 2009; Craddock
et al., 2012; Lamb et al., 2014; Marra et al., 2014; Irwin et al., 2014). The
major arguments they cite against the seepage erosion origin are the bed-
rock strength and the large size of THV, which necessitate gigantic water
discharge systems and/or substantial weathering along the seepage faceto disintegrate the bedrock into loose debris and a transporting agent/or
agents to remove the debris out of the valley (Howard and Kochel,
1988; Lamb et al., 2006; Luo and Howard, 2008). It also requires a long
timescale of groundwater seepage (Howard and Selby, 1994; Lamb
et al., 2006).
Our ﬁndings indicate that the requirements (i.e., prolonged ground-
water seepage and a mechanism to disintegrate and transport debris)
for the groundwater sapping model, but not the surface runoff model,
are present in the study area and that the aforementioned arguments
against the groundwater sapping model are not applicable to the Saha-
ran THV.
Ourﬁeld investigations revealed that strong-over-weak stratigraphy
and extensive salt and chemicalweathering are common in areaswhere
THVwere reported (refer to Sections 4.3.3 and 4.3.4), as did the investi-
gations by other researchers in the Qattara depression (Aref et al.,
2002), Fayum depression (Keatings et al., 2007), Dakhla depression
(El Kammar and El Kammar, 1996; Brookes, 2010), Kharga depres-
sion (Salman et al., 2010), and in Egypt's cultural heritage sites
such as the Giza Pyramids and Sphinx (Goudie, 2013) and the
Pharaonic sandstone monuments in Luxor (Smith, 1986; Wüst and
Schlüchter, 2000). We advocate that the strong-over-weak stratigra-
phy along with the extensive salt and chemical weathering facilitate
the removal of the basal unit along the Saharan escarpments and the
development of THV.
The distribution of denudational landforms (refer to Section 4.3.4;
Figs. 13–16) and the ages (50 to 620 ka; Sultan et al., 1997; Smith et
al., 2004a; Adelsberger and Smith, 2010; Jimenez, 2014) of tufa deposits
along scarp faces and within scarp-foot depressions suggest that the
denudational activities were widely distributed and that they operated
for long periods. If the groundwater-related denudational activities op-
erated for a long time span, and if the tufa were deposited from the
groundwater, the ages of the groundwater should be consistent with
these suggestions; 81Kr and 36Cl groundwater ages (200 ka to 1.2 Ma:
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Western Desert show that this is indeed the case.We suggest that ﬂuvi-
al denudational activities operated for long periods during previouswet
periods that extend as far back as 1 million years ago. Recent 36Cl ages
(up to 1.3 Ma) for groundwater samples from the NSAS (Mohamed
et al., 2015) indicate that the denudational activities could have operat-
ed for even a longer time period. Our suggestion is supported by the
ﬁndings from quantitative models that suggest that groundwater pro-
cesses may have an important role in the development of THV through
a combination of seepage weathering and episodic removal of weath-
ered debris by runoff and spring discharge (Pelletier and Baker, 2011).
These models were developed to investigate the role of groundwater
seepage in weathering bedrock, transporting unconsolidated debris
and incision of U-shaped valleys in water-limited environments such
as the Sahara.
Extensive sand dune ﬁelds are observed in the downwind direction
of the Qattara depression (refer to Section 4.3.4; Fig. 9A); the composi-
tion (quartz sandwithminor carbonate, argillaceousmaterial, and gyp-
sum fragments) of the dune material is consistent with derivation from
theMoghra andMarmarica Formations cropping along the northern es-
carpment of the Qattara depression (Aref et al., 2002). We suggest that
during the previous wet period, this material could have originated as
debris excavated from the Qattara escarpment by groundwater dis-
charge, been transported down the gradient toward the depression
ﬂoor, and been disintegrated by salt weathering and later deﬂated by
winds in subsequent dry periods. This suggestion is supported by the
ﬁndings of Brookes (2001, 2003), who emphasized the role of aeolian
erosion in shaping landscapes, carving depressions, and transporting
unconsolidated debris during the interleaving dry periods in the
Egyptian portion of the Sahara.Fig. 19. Block diagram of the NSAS (modiﬁed from Salem and Pallas, 2004) and landscape evo
processes leading to the formation of THV and natural depressions in the Sahara.We suggest that the oscillation of the wet and dry climatic condi-
tions (Szabo et al., 1995; Smith et al., 2004a) over the Sahara probably
accelerated the scarp retreat. Duringwet periods, rock falls and slumped
blocks accumulate along the ramparts and are partially eroded by the
endorheic ﬂuvial drainage systems originating from the scarp faces,
and are disintegrated by salt weathering processes. With the advent of
aridity, the groundwater table is lowered, wind activity intensiﬁes,
and additional weathered and disintegrated debris is removed by deﬂa-
tion from the valley ﬂoor. Groundwater sapping activities increase the
rate at which escarpments retreat (Higgins and Osterkamp, 1990).
Throughout the past 620,000 years, the retreat of the eastern escarp-
ment bounding the Southern High Plains in Texas was rapid (190 m/
1000 yr) (Simpkins and Baumgardner, 1982), compared to the northern
escarpment (31 to 42 m/1000 yr) (Gustavson et al., 1980). The former,
but not the later area, is highly affected by sapping processes. If we
were to adopt the Southern High Plains rates in the Western Desert,
we estimate that the escarpment could have retreated by some
200 km in a million years, a distance that exceeds the width of each of
the Farafra (maximum width: 75 km) and Qattara depressions (maxi-
mum width: 176 km). The scarp retreat in the Dakhla and Kharga
could not be estimated given that they are open depressions, unlike
the closed Farafra and Qatarah depressions.We suggest that the contin-
uous processes of groundwater discharge, scarp retreat, and sediment
transport in wet and dry periods are responsible for the formation of
THV and the excavation of the natural depressions.
The features cited in support of surface runoff models
(i.e., maegaﬂooding or waterfall erosion) for the origin of the THV
in the Box Canyon and Malad Gorge, Idaho and in Hawaii (Lamb
et al., 2008, 2014; Craddock et al., 2012) are absent in the study
area. These models require the presence of large watersheds that collectlution schematic diagrams showing of the proposed hydrological and geomorphological
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ber of valleys. We have shown that the distribution of the NSAS THV is
extensive along the length of the escarpments, there is a general lack of
well-developed watersheds draining into the THV, and if present they
are limited in size (typically b15 km2; refer to Section 4.3.1). The surface
runoff models are more suited for areas of high to medium slope gradi-
ents, where inﬁltration is minimal and runoff is high. That is not the
case in the study area, where the ﬂat-topped limestone plateau occupies
large sectors of the NSAS landscape (refer to Section 2). Moreover, there
are no records of megaﬂoods during the Quaternary period in the study
area.Fig. 20. Distribution of THV in Saharan and Arabian fossil aquifers. (A) Hillshade image showin
Plateau in Saudi Arabia. (C) False-color Landsat 8 data for area C in Fig. 20A showing that the TH
they receiveminimal upstream contributions. (D) False-color Landsat 8 data for area D in Fig. 20
dip of the plateau (east) and the drainage direction of the exorheic streams on the plateau (br5.2. Conceptual model
We developed a conceptual model based on our ﬁndings to assess
the origin of THVand natural depressions in the study area, and possibly
across the Sahara (Fig. 19). Seven stages are suggested: (1) precipitation
over the Nubian sandstone outcrops in the south (i.e., the NAS) during
the previous wet climatic periods resulted in a considerable rise of the
paleo-piezometric surface as much as 25 m higher than the present
level (Pachur and Hoelzmann, 2000); (2) further to the north, the
thick sedimentary sequences (up to 2 km thick), the conﬁned nature
of the aquifer, and the presence of deep-seated sub-vertical faults ledg delineated THV in the NWSAS. (B) Hillshade image showing delineated THV in the Najd
V are structurally controlled by northeast-east trending structural discontinuities and that
B showing endorheic streams and THVdraining to thewest in a direction opposite from the
ight areas). Letter T marks the onset of the THV.
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near the surface; (3) groundwater ﬂow converged along free faces
that were formed by structural discontinuities (e.g., faults or shear
zones) or by hydraulic piping failures (4) small THV originate along
free faces and enlarge and deepen with continued discharge
of groundwater giving rise to extensive denudation along the structur-
ally controlled escarpments; (6) the massive carbonate caprock is
undermined and slumps, and the escarpment recedes by continued
groundwater seepage along the contact between the limestone caprock
and the underlying weak units and by seepage weathering of rock
debris; and (7) rock debris is removed from the ramparts of the escarp-
ment either by ﬂuvial processes in wet periods or by wind erosion dur-
ing arid periods. These stages give rise to the following landforms: THV,
natural depressions, circular remnant hills, sabkhas, springmounds, and
endorheic paleolakes.
The model we advocate here introduces a regional comprehensive
solution for the enigmatic occurrence of natural depressions and as-
sociated landforms over the Libyan Plateau in the Sahara and over-
comes the shortcomings of the previous models. Models that call
on the formation of natural depression by wind deﬂation encounter
difﬁculties explaining the removal of massive limestone caprocks
across the Sahara by wind alone. The proposed model can. As indicated
earlier, inwet periods, rising groundwater compromises the integrity of
the caprock; it removes underlying soft beds, causing rockfalls and
block slumping of caprocks and its disintegration by salt weathering
and dissolution. Caprock debris is further weathered and removed by
wind deﬂation in interleaving arid periods. Models that call on the for-
mation of natural depressions by ﬂuvial stream erosion cannot explain
the absence of well-developed exorheic streams over the Libyan Pla-
teau. The groundwater sapping model does not require the existence
of surface exorheic streams where the driving force is ascending
groundwater. Our model explains the role of endorheic streams, seep-
age weathering, and/or wind erosion in the removal of rock falls on
the scarp ramparts, deposition of tufa along scarp faces, developmentFig. 21. Color-coded digital elevationmodel extracted from theMOLAmosaic for the eastern reg
(markedwith letter “T”) and absence of well-developed streams draining toward the THV. Inset
FU Berlin) showing the distribution of THV along the walls of Ius Chasma.of landforms within scarp-foot depressions, and deposition of high
calcium carbonate sediments within paleolakes.
5.3. Regional and planetary implications
We applied the procedures that were used to identify and map the
THV over the NSAS to investigate the presence of these valleys over
other fossil aquifer systems in the Sahara and in the Arabian Peninsula.
Speciﬁcally,we applied themorphological characteristics (10 character-
istics: refer to Sections 2 and 4.1.1) and statistical analysis (refer to
Section 4.1). Our analysis revealed extensive occurrence of THV along,
or proximal to, escarpments that we interpret as paleo-discharge loca-
tions in the Saharan and Arabian Deserts. We cite two examples, the
NWSAS and the Upper-Mega Aquifer System in the Plateau of Najd in
Saudi Arabia (Figs. 1, 20A and B). Our ﬁndings and those reported in
the literature indicate that the THV in these two aquifer systems share
remarkable geologic, hydrologic, and geomorphologic characteristics
with those reported from the NSAS. These include: (1) local structural
control along pre-existing structural discontinuities (e.g., propagation
directions that are northeast-east parallel to the main trend of the Gebel
El-Gharbi escarpment; Fig. 20A and C); (2) minimal upstream contribu-
tion areas for many of the THV; they are typically b50 km2 in size
(e.g., NWSAS, Gebel El-Gharbi area; Fig. 20C) and in some cases, they
are absent as is the case with the Tuwaiq Mountains (Fig. 20B) in the
Najd Plateau where the Plateau dips steeply toward the east and away
from the main valley propagation direction to the west (Fig. 20D);
(3) the THV, escarpment, and deep-seated faults are within the conﬁned
sectors of the aquifer where clastic-dominated formations are overlain by
thick carbonate and shale deposits (Thorweihe andHeinl, 2002; Edmunds
et al., 2003; Stöckl, 2010); (4) THVare locatedwithin areas thatwitnessed
wet climatic periods during the Pleistocene, elevated groundwater levels
(Caussé et al., 1989; McLaren et al., 2009), and natural discharge of fossil
groundwater (N1 million years (Guendouz and Michelot, 2006; Sultan
et al., 2015) along deep-seated sub-vertical faults (Swezey, 1996;ion of VallesMarineris and surroundings showing extensive and dense distribution of THV
: enlargement for area covered by the red box generated from theHRSCmosaic (ESA/DLR/
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(Cornet, 1964; Guendouz and Michelot, 2006; Beaumont, 1977).
The widespread distribution of the THV in the NSAS (1450 km; refer
to Section 4.1.2), the NWSAS (~1500 km along the Hamada De Tinhert,
Plateau De Tademait, and Gebel El-Gharbi escarpments; Fig. 20A), and
the Najd Plateau (~500 km along the Tuwaiq mountain escarpment;
Fig. 20B) suggests extensive and widespread groundwater discharge
and intense groundwater denudational activities in the Saharan and
Arabian deserts during the previous wet climatic periods.
Similar groundwater-related denudational processes and/or land-
forms (i.e., sapping features, headward channel growth, scarp retreat,
and incised canyons) were reported frommany areas outside of the Sa-
haran and Arabian deserts. Examples include, the extensive landscape
modiﬁcations in the northern China deserts by progressive headward
channel growth of THV (Yang et al., 2015), the retreat of the Southern
High Plains (Wood, 2002), the undermining of the massive Navajo
Sandstone in the Colorado Plateau and the integration of the Colorado
River system (Laity and Malin, 1985; Crossey et al., 2015), and the inci-
sion of canyons within plateaus (Hackness Hill Plateau, England: Nash,
1996; Murge Plateau, Italy: Mastronuzzi and Sansò, 2002; Altiplano
Plateau, northern Chile: Hoke et al., 2004).
Extensive and widespread THV (outﬂow channels) were recorded
on Mars along the length of, and cutting across, the walls of Valles
Marineris (Marra et al., 2015; Fig. 21). Understanding the Martian
surface and subsurface processes and their effects on the evolution of
the landscape is hindered by the inaccessibility of Mars. Fortunately,
the hyper-arid Sahara provides one of the best terrestrial analogs for ex-
amining the origin and evolution of many of the Martian landscape fea-
tures (Higgins, 1982; Grant et al., 2004; Paillou et al., 2014), especially
THV. The individual THV on Mars are larger in size than their Arabian
and Saharan counterparts, yet they are geomorphologically similar
(Higgins, 1982; Luo, 2000) (Fig. 21, inset). The Martian THV display
characteristics similar to those reported from their Saharan and Arabian
counterparts: (1) they are widespread and densely distributed along
the length of Martian escarpments for over 1400 km (Marra et al.,
2015), (2) they are located largely in areas where extensive faulting
was reported (Treiman, 2008; Montgomery et al., 2009), a suggestion
that is supported by the distribution of many of the THV along linear
structural discontinuities, (3) they lack well-developed stream net-
works draining toward the individual THV (Fig. 21), and (4) they are fre-
quently associated with large-scale spring deposits (Rossi et al., 2008),
but lack ﬂood deposits commonly associated with terrestrial THV that
are generated by megaﬂoods (McEwen et al., 2012). The occurrence of
these features along the crest of a 3 km high topographic bulge on the
Tharsis Plateau (Montgomery and Gillespie, 2005), their dense distribu-
tion, their presence along both sides of Valles Marineris on surfaces dip-
ping away from the canyon, and the general absence of large drainage
areas needed to form individual Martian THV (Fig. 21) makes it unlikely
that they originated from well-developed exorheic systems.
Given the above mentioned observations from the Tharsis Plateau,
the similarities between the Saharan and Martian THV, our ﬁndings
pertaining to the signiﬁcant role of groundwater processes in shaping
the Saharan landscape, and the reported gigantic groundwater dis-
charge on Mars (Montgomery and Gillespie, 2005; Montgomery et al.,
2009; Marra et al., 2015), we suggest that future studies should investi-
gate: (1) the potential role of structural control, pressurized groundwa-
ter discharge, and sapping processes in the evolution of the Martian
landscape, and (2) the origin of the recently reported recurring slope
lineae (McEwen et al., 2014) on the slopes of Valles Marineris.
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